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ABSTRACT

) S

The following paper studies the possibilities of using high-speed flywheels
with magnetic bearings in communications spacecraft. Hardware point designs
have been completed for a very low drag bearing and a very efficient, compatible

motor generator. Using the results of these designs, a tradeoff study compares
"

these flywheels with combinations of NiCd batteries, NiH2

batteries, and con-
ventional low-speed momentum wheels.

Section I presents the tradeoff studies for flywheels used for energy
storage only, for attitude control only, and for combined energy storage and
attitude control. The results show that such wheels look excellent for
attitude control alone (as high-speed, high-reliability momentum wheels)
and attractive for combined power and attitude control, but not much better
than Niﬁ? for power alone. ,/ -

Section II reviews the‘kechnology of flywheel components, showing that
rotors are the biggest unsolved problem but can be built now to lower energy
densities.

Section III analyzes two types of anisotropic rotors to allow design
calculations for a given set of material properties. These types are the
orthotropic composite rotor and the bare filament rotor.

Section IV documents the design, development, and testing of the Lincoln
Laboratory magnetic bearing. This bearing can be used in momentum wheele
which are not electronically gimballed, or in energy storage wheels.

Section V documents the development of the Lincoln Laboratory motor
generator, which allows very high efficiency at high speeds.

Section VI contains overall conclusions of this study concerning space-

craft applications of high-speed flywheels.
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I. SYSTEM ASPECTS OF FLYWHEELS

A. Flywheel Control

A flywheel system will be considered in the context of a synchronous
communication satellite mission. Assume a 1 KW payload and an attitude
control system with required stability of + .01° with dominant solar torques
on the order of 50 microfoot pounds sinusoidal component.

The Lincoln Laboratory (LL) flywheel unit concept briefly consists of a

rotor, shaft, magnetic bearings, touchdown bearings, motor-generator, vacuum

Y

housing, and miscellaneous small parts. To ease unit integration for a first
cut we have selected a small shaft with essentially zero internal rotor diam-
eter, although this costs a factor of two in rotor weight compared to the limit
of ID/OD - 1. We will assume two levels of rotor technology: a 34 watt-hour 1
per pound, 40 K RPM rotor, probably achievable with present technology and
minor improvements in fabrication techniques; and a 54 watt-hour per pound
50 K RPM rotor of the same size (20-in. dia.), probably the ultimate for
present materials and the given geometry. Vacuum containment was chosen
rather than lightweight covers for flight to provide complete testing of a
fully assembled unit and to add bearing pount-rigidity and small fragment
conf inement.

These units, denoted LL-30 and LL-50, are estimated to weigh respectively
45 and 50 pounds. They will be considered first as purely energy storage
devices in competition with batteries, then as momentum wheels in competition
with presently available and current prototype designs, and finally as com-
bined energy and angular momentum storage devices.

The essential relationships between wheel speed, energy, momentum, and
mass are given below and graphed in Fig. 1-1. A disc rotor with inner radius

R, and outer radius RO, mass density p and thickness h has

i
z 2
mass M = 7ph (RI - Ro) (1-1)
% 2
moment of inertia I = 1/2 M (RI + Ro) (1-2)
angular momentum H = Iuw (1-3)
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energy E = 1/2 Tu® = 0/9 1 (1-4)
2 2 2
energy/mass E/M = 1/4 (RI + RO) w (1-5)
momentun/mass H/M = 1/2 (Ri + R;) u (1-6)
For our case RI = 0 and for normalized variables g~ = w/mm where Wy = max imum

speed. Total energy of two wheels E” = E/Iué, H® = H/Ium.

o -2 2 .
= 2 =

E 1/2 (ml + wg ) (1-7)

H = u T (1-8)

A big concern with any energy wheel system on a satellite will be the
large angular momentum (H) stored in their energy system, and its potential
effects on attitude control. A basic ground rule of any such system must be
that no likely single point failure shall cause total loss of the satellite.
This implies that the following failure modes must nct be very likely.

1. Rotor breaking catastrophically, throwing high-energy fragments.
2. Suspension totally lost at high speed, causing rotor failure.
3. Wheel overspeed.

On a less stringent level, to avoid a recoverable tumbling of the satel-

lite, the following would be desirable:
1. ACS automatic rate-dumping mode not dependent on any one wheel.
2. Wheel speed control redundancy.

3. Simple, reliable suspension with redundancy and recovery
capability.

4. A touchdown bearing system capable of at least 100 touchdowns
and 100 hour continuous running at design speed, perhaps with
increased power requirements.

5. Simple energy conversion from generator to suspension, includ-
ing touchdown recovery.




e

The result of these conditions would then be a flywheel energy system
which would not be likely to disturb the attitude control of the satellite
in case of component failure, and would not result in total loss of satellite
even if it did so.

The implications for construction of the flywheel are as follows:
1. High confidence in the rotor not to break catastrophically.
2. Redundant overspeed control.

3. A radially passive suspension system, the simplest and most
reliable choice, i1s very attractive unless active axial
suspension can be made fully redundant without compromising
simplicity and reliability.

4. Redundant axial suspension, possibly with ground intervention
by command.

5. A reliable high-speed touchdown bearing system.

6. Redundant motor-generator windings if the wheel energy
storage function must be recovered.

7. Efficient, low-power suspension.

In looking at the actual realization of such a wheel system, several

points became clear:

1. Most realizations of active suspension electronics include
several failure modes which result in touchdown at high speed
with reduced chance of automatic recovery, but with ground-
commanded recovery capability. Very careful design in this
area may result in a low probability of touchdown..

2. A radially passive, axially active (RPAA) magnetic suspension
with a V-groove mechanical touchdown skid on the ball bearing
races gives a simple caging mechanism for launch; simply
remove bearing power or bottom the wheel actively.

3. The RPAA magnetic suspension results in a penalty ir spinning
energy losses due to eddy current drag. There is a great
deal of work to be dorne in the area to minimize the drag.
Wheel balancing is important to minimize this loss. Low
stiffness ratio (see below) is also important.




4. The RPAA suspension requires a broadband audio frequency servo-
loop design with possible complications due to acoustic resonances
of the structure. The loop bandwidth is approximately equal to
the time constant VQA/M where M is the rotor mass and K, is the

axial negative spring constant of the passive magnetic suspension.
This loop must be designed into the structure of the satellite,
and structural modes included in the loop design.

5. The axial spring constant KA is about five to ten times the

positive radial spring constant K which passively centers

R
the rotor. For 1G operation and the required cross-axis rates
W, » this stiffness must be large enough to avoid touchdown.

The minimization of stiffness ratio is a development area with
big payoff.

6. The touchdown system is most reliable with small (several mils
to ten mils) clearances. This implies clearance S less than
some maximum, limiting motions for a fixed disturbing force
or torque, and so requiring a high stiffness from the magnetic
bearings and a wide-band servo problem with acoustics to
complicate matters.

2

Cross axis torque: (KR L-K, Bf) % > w, H (1-9)

1G support: Kp S > MG (1-10)

Stiffness Ratio: Ky > N K, SR NE <0 (1-11)
L /NG

Plugging in, f (1-12)

Loop 8 2m S

For S = 10 mils, N = 8 this gives fLoop > 89 Hz, a range in which careful

design is required to avoid acoustics. Also, sensing elements at this band-

width must be carefully designed to avoid noise pickup and phase shift.
Notice that the cross-axis torque equation (1) puts a limit, not only on

minimum K , but on the aspect ratio of the fringing rings D/L, where D =

R)
diameter of ring and L = spacing along the axis between bearings. For good
cross-axis torque we need D/L << KR/KA' This determines the system axial

length.
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7. Nutation damping may be a serious limitation to wheel speed.
For damping at nutation frequencies in the suspension system,
wide loop bandwidths (several to 10 times rotational rate)
are needed and wheel inbalance couples into the suspension to
produce losses. This area needs work for an imbalance-tolerant
system; composite wheels tend to suffer from balance problems.
With these matters in mind, the LL flywheel unit has been designed.

The following sections use it as a basis for system trade-off studies.

B. Energy Storage Only

The basic energy storage unit for a flywheel system is a pair of wheels
controlled to give zero total angular momentum. For minimum w” = 0.4, Eq. (1-7)
gives an accessible energy AE” = 0.84. This limit occurs because the motor-
generator is effectively torque-limited. At constant H, the torque required
for a power level P is

T % Lag = P/(w1+w2) (1-13)

This is maximum at minimum w.

The characteristics of the flywheel unit are listed in Table 1-1. Note
that, for power only, the flywheel accessible energy to weight ratio for the
rotating unit is a bit more than a third that of the rotor alone. Then, to
convert the power out to usable DC, the electrical efficiencies and weights
of machine, electronics, and other components are estimated in Table 1-2. This
costs another factor of two in available energy to system weight. However,
the final figures are quite respectable.

The competitor battery systems fall into several classes. Batteries may
be NiCd or N1H2. They may be operated at various depth of discharge (DOD)
levels, with statistics for various resulting lifetimes. They may be operated
through charger and discharger electronics for a fully regulated bus, but this
eliminates the inherent advantage of a battery as a DC voltage source. The
tradeoff study shown in Table 1-~3 presents the options. Option I represents
a NiCd lightweight battery with 507 battery-level redundancy, 60% DOD, with
charger but no discharge converter, so that the bus floats at the battery out-

put voltage level during eclipse. Option II 1is a NiH2 battery on a fully

B e ce————— A A e




TABLE 1-1

SINGLE FLYWHEEL CHARACTERISTICS

Rotor Type

Rotor, 10-in. radius, 1lbs. (Kg)
Motor-generator, lbs.
Bearings, lbs.

V  wum housing, lbs.

Shaft, lbs.

Miscellaneous lbs.

Total weight, 1lbs.

Speed range, RPM

Max. Rotor E/M, w-h/1lb.

Max. Stored E, w-h (MJ)
Available E, w-h, H™ = 0.1
Available E, w-h, H” = 0
Available E/M, H® = 0

1.2 hr. Discharge Rate, H™ = 0
Moment of Inertia, Kg—m2

H, Angular Momentum, ft.-lb.-sec. (N-M-S)

T s T 4

d

LL-30

20 (9.08)
5
10
5
3
2
45
16K-40K
34
680 (2.45)
476
571
1207
475
029
867 (1188)

LL-50

20 (9.08)
10
10
5
3
2
50
20K-50K
54
1080 (5.89)
756
907
18.1
755
0.29
1084 (1485)




TABLE 1-2

2-WHEEL POWER-ONLY SYSTEM
DISCHARGING CHARACTERISTICS IN ECLIPSE

LL-30  LL-50
Output powe: from wheels, W 950 1510
Generating machine efficiency 7 96 96
Generating bridge efficiency 7% 92.5 92.5
Drag power from bus, W 20 20
Suspension and control power from bus, W 5 5
Output power to load el9 1316
Total generating efficiency 7 86 87
Bridge weight, lbs., .035 1b./watt 76 42
Control electric weight, 1lb., .005 1b./watt 3.6 6.0
Suspension electric weight, 1b. 5.0 5.0
Total electric weight, 1b. 34.6 53.0
Total system weight 124.6 153.0
Total system output energy (w-h) 1.2 hr. 983 1579
Total system E/M, w-h/1b. 7.9 10.3

CHARGING CHARACTERISTICS IN SUNLIGHT, 10 HOUR RATE

Average drag losses, W 20 20
Suspension and control power, W 5 5
Wheel input power, W 114 182
Motoring efficiency, motor, 7 94.5 94.5
Motoring efficiency, bridge, 7 89.5 89.5
Total input power, W 160 240
Charging efficiency, 7% 71 76
8
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TABLE 1-3
BATTERY SYSTEM COMPARISONS

1.0 Kw System

Option I: NiCd batteries, 50% battery redundant, with charger but no
discharges, only diode isolation and protection, 6.8 w-h/lb.,
607 DOD.

Option IT: N1H2 batteries, 207 cell redundant, with charges and dis-

charger for fully regulated bus, 75% DOD, 14 w-h/1b.

Option III: NiH2 batteries, 20% cell redundant, with charger but only

output isolation and protection, 75% DOD, 17 w-h/1lb.

1 1 111
Control power, W 5) 5 5
Discharge efficiency «95 .85 .95
Total discharge power, W 1057 1181 1057
Stored E, w-h 1263 1417 1263
Charger efficiency, c/10 .8 .8 .8
Heater power, W 40 40 40
Charging input power, W 197 217 197
Charger and heater weight, 1b. 215 23.9 21.7
(.11 1b./W)

Discharger weight, 1b. 26 59 26
(.05 or .025 1b/W)

Total electronics weight, 1b. 48 83 48
Battery weight with redundancy, 1b. 262 101 90

i — . o - e g —————— e m——




regulated bus, with 207 cell level redundancy and 757 DOD. Option III, the
lightest, is Option II without the discharge converter.

The resulting figures in Table 1-4 show system weight at 1 KW load,
system E/M, input charging load on the solar arrays, extra resulting solar
array weight, and total weight.

Based on these figures, it is easy to see that either NiH,6 or flywheel

storage is much lighter than NiCd batteries. Both are developéental, but
N1H2 is far more advanced and no heavier. Because of this, there does not
appear to be good reason to pursue flywheels purely for energy storage.
Even the LL-50 system with its higher energy density does not look much
better than nickel-~hydrogen batteries.

Note also that the conditioning electronics become significant sources
of power loss and system weight in both Option II and LL-50. This implies
that the inherent DC voltage source nature of the chemical battery seems to

give lightweight N1H2

C. Attitude Control Only

A high energy density flywheel should make a very lightweight momentum
wheel. At first glance, the optimization would favor a larger diameter and
lower speed for best momentum density. However, this tradeoff very quickly
is limited by the size of the wheel and the form factor of the enclosure. In
fact, simply by reducing the speed of an energy wheel by a healthy factor to
reduce the stresses gives a rather attractive momentum storage device.

How much angular momentum is enough? Several criteria could be used.
For a LES-8/9 type biased momentum system, the maximum solar torque acting
over the 6 hours of uncontrolled yaw should produce a negligible yaw rotation.
Taking worst case numbers of 50 microfoot-pounds and yaw € = 1.2° gives a bias
requirement of H = 2T/wo€ = 68 ft.-1b.-secs., a moderate figure, for daily
w, = 7.3 x 107> rad/sec.

Another criterion would be to avoid any thrusting due to the daily solar

torque variation. For a daily w, we have

10

v

or similar systems an ultimate edge over kinetic storage.
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TABLE 1-4
POWER-ONLY WEIGHT TRADEOFF

1.2 KW-Hr. Battery

I s 111 LL-30 LL-50
X 1.22 X .760
Total system weight, lbs. 310 184 138 152 116
System E/M, W-hr./lbs. usable 3.87 6.52 8.69 7.9 10.3
Input charging load, W 197 217 197 195 182
Extra solar array wt., .11 1b./W 22 24 22 21 20
Total Weight Penalty 6 1bs. 332 208 160 173 136
11
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" 28
MH = T Sin w t dt -2 (1-14)
o] 0]

w t=0

o
For To = 50 pft.-1b. this gives AH = 1.37 ft.-1lb.-sec. If this is to tip over
the wheel by no more than, say, 1.2°, this gives a momentum requirement

é%.i 2 x 10“2 radians (1-15)

or H > 70 ft.-1b.~sec. This is a moderately large angular momentum, as deter-
mined in the next section. To avoid tipping over by 0.12° would require 700
ft.-1lb.-sec., certainly a large wheel, about the size of the energy storage
prototype wheel (45 1lbs.) using advanced flywheel technology.

One criterion of angular momentum size is to ask whether, if all the
angular momentum of the wheel were suddenly transferred to the spacecraft, the
craft would survive. For a spacecraft moment of inertia of 103 Kg-m2 and a
maximum recoverable body rate of 1 RPM (W = .1 rad/sec) this would allow
H = 100 N-m-s or 74 ft.-lb.-sec. Another criterion would be whether the
angular momentum could change by, say, 1% and not seriously interfere with
operations. For allowable rates of .05°/sec. (w = 10_3) this would give
H = 100 ft.-1b.-sec., so the criteria are roughly equivalent. By these
criteria, any zero bias system will have small momentum, and the minimum
2,5 ft.-1b.-sec. bias is also small. A biased system avoiding daily thrust
is marginal. An energy storage system is large.

To compare attitude control capabilities alone, consider four possibil-
ities. First, consider only a 10 ft.-1lb.-sec. wheel with enough extra fuel to
last 10 years thrusting against daily solar torque variations. Second, consider
four 10 ft.-1lb.-sec. reaction wheels with no bias momentum. Third, consider a

100 ft.-1b.-sec. wheel with conventional construction. Last, consider a LES-30

12
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wheel scaled down to a 7-in. radius and 5~1b. rotor. The system weight trade-
off and LES weight budget is shown in Table 1-5.
To arrive at fuel penalty weight, we have used a specific impulse of gas

of 100 secs., and a moment arm of 2.5 ft. Solar torque at 4To/w for T0 =
4

50 uft.-1b. gives 3 ft.-1lbs. per day for 3650 days totals 1.1 x 10 ft.-1lb.-sec.

or 44 1bs. of gas. Wheel weights are taken from the rule M = 7HO'4 which gives
a good fit to Bendix wheel weights over a wide range, plotted on Fig. 1-2.

Note that the scaled-down LL flywheel is not that far in momentum or
weight from the Teldix MSR momentum ring, which was an iron rotor and 5-axis
active magnetic bearings with a hollow ring geometry to achieve high momentum
at lower speeds. (See Eq. 6: if RI = Ro, ther w can be half as large for the
same H.)

The result of the tradeoff is clear: the weight and complexity of the
4-wheel Option II is poor. The weight of Option I (small wheel, extra gas) is
slightly higher than Option III (large conventional wheel) but both are far
heavier than Option IV, the advanced flywheel. The message is that lighter,
longer-lasting momentum wheels can now be built and should be used.

One other possibility is very attractive for a high-speed magnetically
suspended wheel. Magnetic gimballing of the flywheel rotor is possible without
adding any extra hardware, provided that the offset angle is small enough. The
Teldix wheel with all active suspension can do this simply by changing the off-
set on the four cross-axis position sernsors. A permanent magnet passive sus-
pension can also be modified to do this, but with more drag in the offset
(gimballed) condition perhaps. Rotation is limited by bearing gap geometry
to 0.5 to 1.2 degrees, depending on the design.

To allow complete 3-axis stabilization (no angle at all) the cross-axis
momentum must equal the integrated daily solar torque over a day. From our
assumptions and Eq. (10) we need 1.37 ft.-lb.-sec. Allowing 1.2° gimballing
gives a 70 ft.-1b.-sec. wheel (100 n-m-s) which can be achieved with the
existing Teldix MDR momentum wheel. An improved subscale version of this
now has fully redundant windings for all bearings and motor, providing the

needed reliability for a long-duration version. Therefore, the MDR type

PPN




TABLE 1-5

GPSCS ACS TRADEOFF

Efn = 16 P Bpp.

i 1L
Single 10 FPS 4-10 FPS
Wheel Wheels
Bias momentum -~ 10 0
Ft.~1lb.-sec.
Weight, 1 wheel 20 20
Weight, all wheels 20 80
Weight fuel penalty 44 0
Total weight 50 80
Structure Penalty Weight 20
Elect. weight 20
Total Weight 69 120
Complexity good poor
15-1b. 100 FPS Wheel LL-30 Variety-Weight Budget
Rotor 40K RPM, R = 7" M 5.0 1b.
M/G 2.0 1b.
Mag bearing 3.0 1b.
Housing 3.0 1b.
Shaft and misc. 2.0 1b.
15.0 1b.
14
~ B, R ma————— s s TN A
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I1I v
100 FPS LL-30
Wheel Wheel
100 100

50 15

50 15

0 0

50 15

e 0

10 10

60 25
good good




-~ .

1000

MASS (Ibs)

100

H(n-m-3)
137 137 1370
e R = | — T
[18-6 18932
MA 2300
SKYLAB
SPERRY 9,000 rpm
MAG )
10,000 rpm
x
-
x X LES 50
LES 30 50,000 rpm
VELA MDR 100 40,000 rpm
LES 8-9
1500 rpm 16,000 rpm
0%50 MSR 100 RING 22,000 rpm
GE ESTIMATE:04 DR20 4600 rpm t X LES-SCALED DOWN WHEEL
W:70H O FOR ACS, 40K rpm
- 3000 rpm
{
[
|
|
e E - 1 - o R i it L%
10 100 1000
H(f-1b - sec)
Fig. 1-2. Momentum wheel rotating unit tradeoffs.
15
S— — - P S—

— i e

45

55
a5

1

MASS (kg)

oy




wheel at 70 ft.-lb.-sec. with redundant windings is probably the best candi-
date for a general-purpose platform with 3-axis stabilization and low fuel
utilization.

The unit weighs only about 20 lbs. and has no wear-out mechanism which
appears worse than electronics reliability for long-term use in space. The
only single-point failure would be a short between turns in the motor or
bearing coils, so these should be carefully inspected and tested and treated
as a mechanical defect rather than a random electronics failure. The unit
would be able to operate over a much wider range of temperatures than previous
ball-bearing systems, and would therefore allow a simplification of the
satellite's thermal control.

Table 1-6 gives requirements for such a wheel. Figure 1-3 shows construc-
tion of an MDR type Teldix wheel, similar to that proposed here. The Teldix
MDR wheel with increased gimballing angle and full redundancy in all coils and
windings represents the best general-purpose fully stabilized platform ele-

ment presently near complete development.

D. Flywheel Energy Storage and Attitude Control

The basic flywheel energy storage and attitude control unit consists of
two wheels with axes carefully aligned, spun in opposite directions to give
the desired angular momentum and energy combination. Note that only the
control law is different from energy storage alone. Associated with each fly-
wheel are generating and motoring electronics and suspension electronics.
System control electronics are common to both wheels and create wheel speed
change commands for the wheel motor-generator electronics.

At any given instant of time, the system controller desires each of the
two wheels to be running at a given speed to contain the correct total energy
and angular momentum. Figure 1-1 gives the relationship between the wheel
speeds v, and w

1 2
tities are normalized to the maximum speed Uiy e Note that, since the motor-

and the angular momentum and energy of the system. All quan-

generator is designed to operate over a limited speed range (nominally .4 “M<°K”ﬂ)

only the upper right portion of the plot 1is useful. At constant stored energy,
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TABLE 1-6

REQUIREMENTS FOR LES MOMENTUM WHEEL MAGNETIC BEARINGS,
ELECTRONICALLY GIMBALLED BASED ON TELDIX MDR WHEEL

Angular momentum
Momentum range
Electronic gimballing
Momentum component
Slewing rate
Gimballing torque
Motor torque

Nominal speed

Weight, no electronics
oD

Height

Power, steady state, 0G
Caging for launch

Suspension

Motor

Redundancy

NOMINAL MINIMUM REQUIREMENT

<

English
75 ft.-1b.-sec.
+ 10%
2.

1.4 ft.-1b.-sec.

5°/sec.

3.5 ft.-1b.
.035 ft.-1b.
16,000 RPM
22 1bs.

12 inches

8 inches

10 W

Yes

MKS

100 N-M-S
+ 107

20 mrad

2 N-M-S
0.1 rad/sec.
5 N-M

.05 N-M
16,000 RPM
10 kg

3 m

.2 m

10 W

Yes

Electromagnetic, 5-axis active

touchdown ball bearings

DC brushless

All motor and suspension windings.

No single-point fallures except

coil shorts or mechanical failure.
Automatic fault detection and recovery.

e e —-—
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the system operates along the circular arcs centered on the origin to vary
angular momentum. Such variations would be quite small for a system with
large bias. (Typically H/IUM = .1, Auduﬁ < .01.) At constant momentum, the
system energy is charged and discharged along the straight lines with positive
slope shown. Note that for these values with H/Iuﬁ = 0, AE/Iuﬁ = .84 or 847
of the maximum stored energy 1is accessible. For H/Iuh = .1, this reduces to 70%.
It is comforting to know that such a system has no unusual stability prob-
lems, and indeed the control system shown in Fig. 1-4 represents a first-cut at
a stable control system diagram allowing energy and momentum management with
relatively simple topology. Such a system could have perhaps l0O-sec. transi-
ent response times to disturbances, with a second-order response and adjustable
damping ratio. In reality such a system must be carefully modeled to include
the attitude control system in detail.

Two other areas of concern are speed control and wheel alignment.

Speed Control

Our control system requires that the speed of the wheel be measured
within Ty .5 sec. Can it be done accurately enough in that time? Assume
the motor-generator has N poles which are sensed as they pass. Assume a
1 MHz = f clock counts the interval between poles, so that in L seconds we
receive f 1, counts and the wheel rotates Nm/Z“ %, poles, w = 2m (RPM)/60.

We can then measure w within one part in fTw, which for our numbers is
5 % 105. This is well within the stability of a good clock (parts in 108)
and sets the angular momentum within the same accuracy for constant wheel
inertia Im' An error of H/fTw in angular momentum causes a satellite rate

of Wy = H/Ingw which for our numbers is Ig = 103 Kg—mz, H = 103 N-M-S,

o, = 2 x 10—6 which 1s well below the operational requirements. Without
feedback, however, knowledge of Iw within this accuracy is unlikely. There-
fore, if the ACS loop is not closed, satellite rates of Wy = HAIw/IsIm may

result.
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For Alw/lm = 10_3, wg = 10—3 or .05°/sec. may result.

For a turn mode at .5°/sec., a 107 error will result. Stationary constant
speed operation for several minutes would result in several degrees drift unless

Al were measured and compensated for.

Alignment

If the two wheels of a pair are misaligned by 6 radians, the discharg-

ing of the wheels during eclipse could transfer .68 H angular momentum to

wheel
the satellite over 1.2 hours would result in an uncorrected rate of

.66 Hwheel

s (1.2) (3600) (H bias)

For § = .01° = 2 x 10—4 rad, which appears practical for a magnetic bearing
-5
= = o =
s 0.1 Hwheel’ W, .06°/1.2 hrs. 1.4 x 10 ~ deg./

sec. = 2.4 x 10 ' rad./sec., quite low. This momentum is perpendicular to

system, we get with H

the base momentum of the satellite, so the amplitude of the resulting motion

is limited to 1.2¢8 Hwheel/ubias'

acceptable if the above alignment § can be achieved. Parameters of the combined

This gives .12° maximum motion, which is quite

function flywheel system are shown in Table 1-7.

The results of the system trade-off study are shown in Table 1-8. The
options for power systems are batteries I (NiCd, no discharger) and III1 (Nin,
no discharger) from the power study, and the two LES flywheels with built-in
momentum storage. Momentum wheels for the battery systems include four 10 ft.-
lb.-sec. wheels, one 100 ft.-1b.-sec. wheel without redundancy, one 10 ft.-1b.-
sec. wheel plus extra gas, and a.100 ft.-1lb.-sec. wheel based on LES technology.

The results show, as expectéd, that all NiCd systems are very heavy. The

difference in weight between the lightest NiH, system and the lightest LES-50

2
flywheel system is 447, which shows the magnitude of payoff in technology

investment here. The LES-30 flywheel is 297 lighter than a NiH, system with

2
conventional wheel.
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TABLE 1-7

WEIGHT AND POWER BUDGET FOR COMBINED POWER AND ACS FLYWHEELS

Assume 2 Wheels Total, with H” = 0.1:

Characteristics of 1 Wheel:

0.D. of rotor, in.

RPM Op. range

Rotor Mass, lb.

Max. stored E, watt-hrs. (MJ)
M/G weight, 1b.

Inertia, Kg-m2

Available H, net ang. momentum,
ft -1bs.-sec. (N-M-sec.)

Mag. bearing and touchdown wt., 1b.
Vac. housing, 1lb.

Shaft, 1b.

Misc., 1b.

Rotating unit wt., 1b.

Available E, W-H

Available E/M W-H/1b.

1.2 hr. discharge rate, watts

Eclipse Budget per 2 Wheel System

Generator efficiency (%)

Bridge efficiency (%)

Drag power from bus (W)
Suspension and control power
Output power to bus (W)
Generating efficiency (%)

Output energy to load (W-h)
Bridge weight .035 1b./W
Control electric weight .005 1b./W
Suspension electric weight (1b.)
Total electric weight (1b.)
Total system weight, 2 wheels

Total System E/M (W-H/1b.)

22

34 W-H/1b.

'20-1n.

16K-40K
20

1360 (4.90)
10

867 (121)
89

20
10

90
952

10.6
792

96
92.5
40
10
653
84
784
21.4
3.0
5.0
29.4
119.4

6.6

54 W-H/1b.

20-1in.
20K-50K
20
2160 (7.78)
20

1084 (152)
111

20

10

6

4

100

1512
15.1

1260

96
92.5
40
10
1069
85
1282
34.4
5.0
5.0
44,4
1444

8.9

e ——— oy, -



{ TABLE 1-7 (Cont'd)

Sun Load Budget per 2 Wheels-Charging, c/10 hr. Rate:

34 W-H/1b. 54 W-H/1b.

Maximum drag losses (W) 40 4L0o
Suspension and control (W) 10 10
Wheel input power (W) 96 152
Motoring efficiency, motor (7) 94°¢ 94.5
Motoring efficiency, bridge (7) 89.5 89.5
Total input power (W) 173 239
Charging efficiency (%) 55 64

3
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Note, however, that there are two ways to minimize weight once the NiCd
battery choice is eliminated. One can go to a flywheel storage system of
advanced design for the lightest option, or use the flywheel technology to
build a light momentum wheel, shown as the LL 100 FPS wheel. This second
option is far easier to achieve, and gives half the payoff of the lighest
choice. The key parameter becomes high wheel speed, resulting in low weight.
For long life, this requires magnetic bearings. Such systems are clearly
available in the time frame of 1980 (see Teldix MDR momentum wheel) even with
steel rotors. The addition of composite rotors then makes energy storage
feasible, but this can come later.

Integration of a flywheel system as opposed to a battery and momentum
wheel combination presents advantages for each. The flywheel approach repre-~
sents a single subsystem to be built or purchased, tested, and integrated
instead of two separate ones, representing savings in cost and manpower and
perhaps resulting in more intense refinement for the same resources. However,
power and attitude control now interact intimately. Probably two sets of
flywheels would be desirable, one for ACS system tests and one for power system
simulation. The reliability of the final system is affected both ways also in
that there is only one subsystem to fail rather than two. Since failure of
either would probably end the mission, this is an improvement. However, making
the flywheel reliable depends upon the solution of the key design problems
discussed elsewhere.

In summary, the flywheel energy and attitude control system is lighter
than any other currently available alternative. It matches the expected
longevity of NiH, batteries. It represents a large technology investment for

2

relatively small weight improvements over NiH, battery systems. However, much

of this technology should be developed anywayzto produce lightweight, magnetic-
ally suspended momentum wheels. Therefore, the technological progress of these
significantly different rotating machines can be phased into a lower-risk
program with tangible short-term rewards.

It makes sense now to develop a lightweight, perhaps electronically gim-
balled, internally redundant high-speed momentum wheel. With that in hand,

energy storage can be studied later.
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II. TECHNOLOCY SURVEY

The following section details the state-of-the-art of each flywheel

component.
A. Rotor

For any given system parameters, flywheel system energy density is
roughly proportional to that of the rotor. The energy per unit weight which
can be stored in a flywheel rotor 1is directly proportional to the allowable
stress to density ratio obtainable in the material. For an isotropic constant
strength material, such as some metals, the mathematical solution to a constant-
stress optimized wheel derived by Stodola in 1924 still represents the state-~
of-the~art. This gives a wheel with thick hub with an exponentially thinning
rim, which is truncated in various ways for a practical design. However, real
materials are not uniform in allowable stress because their properties vary
with thickness due to the hardening and forming processes used. Therefore, a
better optimum could be realized by including this dependence in the mathe-
matical optimization of the shape. However, there is little reason to believe
this optimum will significantly improve on the present designs (8 W-H/1b.
obtained with titanium Stodola wheels). One such wheel system with mechanical
bearings was developed by Rockwell and delivered to NASA/Langley RC this year.

Composite filament wound materials are anistrcpic; their properties
(strength, stiffness, etc.) vary with orientation. Tensile strength 1s very
high in the direction of fiber length but the normal strength and shear strength
are quite small. Therefore, it is possible to create thin hoop-shaped struc-
tures by filament or tape winding processes which have primarily circumferential
strength. Thin hoops have been built and tested which demonstrated 80 to 90
watt-hours per pound using Kevlar. However, attempts to make the hoop radially
thicker produce radial stresses in the weak direction and failure occurs at
lower energy densities. This 18 often aggravated by locked-in thermal radial

stresses due to processing problems.
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The result is that disc or hollow cylinder designs tend to break radially
if a eignificant fraction of the circumferential design strength is used.
Simple solid circumferentially wound discs of Kevlar composite actually have
not achieved as good an energy density as isctropic metal wheels. S-glass,
which has somewhat better transverse characteristics due to a more developed
method of bonding fiber to matrix, does somewhat better but is still not
impressive for solid discs. GCoodyear Aerospace is now working on improved
matrix characteristics for Kevlar wheels.

One approach to solvirg this problem